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Abstract. The heterogeneity in response to the H5N1 infection of three different 
species of waterfowl (Mute Swan, Common Pochard, Mallard), which were affected during 
the 2006 outbreak of highly pathogenic avian influenza in France, was suggested as the 
underlying reason for the small size of the outbreak. Through stochastic simulations of 
compartmental epidemiologic models that take into account both the individual behaviour of 
each of the three bird species and the interactions between them, the effect of host 
heterogeneity on the characteristics of the outbreak was analysed. Species diversity was found 
to induce either a decrease or an increase of the outbreak severity, depending on the mixing 
rates between the species and on the species to which the initially infected individual 
belonged to. It is found that an initially infected Mute Swan could generate major outbreaks, 
whereas Common Pochards and Mallards induce outbreaks of rather moderate sizes. 
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INTRODUCTION 
 
A minor outbreak of Highly Pathogenic Avian Influenza (HPAI) H5N1 took place in 
France, in 2006, in the Dombes area, lasting for 65 days and affecting primarily Mute Swans 
(Cygnus olor) and Common Pochards (Aythya ferina) (Hars et al. 2008). A previous study on 
this 2006 H5N1 outbreak in the Dombes (Doctrinal et al. 2009) indicated that the 
heterogeneity in the response to the viral infection of the different bird species affected may 
have lowered the final size of the outbreak. In this study, this hypothesis was tested, through 
mathematical models and simulations using bibliographical data. 
 
MATERIALS AND METHODS 
 
Three species were studied individually and in interaction with each other. Their 
classification and characteristics were based on Doctrinal et al. (2009), and afterwards the 
characteristics were translated into mathematical symbols, used in the models. The Common 
Pochard and the Mute Swan are two of the species of interest, given that they were victims 
during the 2006 Dombes outbreak. The third species is the Mallard, based on its abundant 
presence in the Dombes area at the time of the outbreak on older publications, Keawcharoen 
et al. (2008), Munster et al. (2005). Based on their response to the H5N1 infection, the bird 
species were categorized, as follows: Victim-like for the Mute Swans, Victim-Source-like for 
the Common Pochards and Source-like for the Mallards. 
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A compartmental SEIR model was associated to each species, with two possible 
infectious states, one of which recovers from infection and the other dies. To the model was 
added an indirect transmission component, via the pond water, typical for an avian influenza 
virus. The interaction between species is modelled at the force of infection level, cross-
infection being possible between individuals of different species. 
 
RESULTS AND DISCUSSION 
 
The epidemiological model was implemented in Matlab, and the results were obtained 
through stochastic simulations. Three output variables were considered: π, the probability of 
an outbreak (number of secondary cases > 5), AR, the attack rate (total number of infected 
divided by the size of the initial healthy population) and PT, the persistence time (period 
during which the virus is present in the population and/or environment). The results are 
presented as a function of the affinity index between two species, Ф, of the ratio between the 
size of each population and the total number of birds, f, and the initial condition, E0 (which 
species was initially infected). 
Each species’ behaviour was analysed firstly individually and secondly in contact with 
the other species. The single-species results are presented in Tab. 1. 
 
Tab. 1 
Indicators’ values for each species (with 95% confidence intervals) 
 
Species N f Attack Rate π Persistence 
Swan 100 0.045 [0.30 – 0.34] [0.51 – 0.55] [59.62 – 63.72] 
Pochard 1500 0.68 [3.8*10-3 - 4.8*10-3] [0.25 – 0.29] [21.14 – 22.90] 
Mallard 600 0.27 [3.4*10-3 - 3.8*10-3] [0.09 – 0.13] [18.43 – 19.53] 
 
All three indicators have higher values for swans than for pochards and mallards. This 
is consistent with the initial characterisation of each species into victim-like and source-like. 
When the species are interacting with each other, the values of the indicators will vary 
from those presented in Tab. 1, which characterises their individual behaviour. When 
simulating all three species in interaction, there are two affinity indexes, one between 
pochards and mallards and one between ducks and swans (it is considered that both species of 
ducks, mallards and pochards, mix identically with the swans). Three species simulations 
show a marked effect of the initial conditions (E0) on the value of AR (see Fig. 1); the highest 
attack rates are for an initially infected swan, and the lowest for E0mallard = 1. Also, an 
inversely proportionate relation can be observed between the attack rates and the affinity 
index between pochards and mallards. In all cases, the species most affected is the one to 
which the ``patient zero'' belonged. 
By comparing the attack rates' evolution, shown in Fig. 1, with the attack rates 
obtained for the single species simulations, the effect of the host heterogeneity can be 
inferred. Fig. 2 plots the attack rates obtained by mixing all three species, for Фpochard<->mallard = 
0 and one initially infected pochard, divided by the attack rates of each species taken 
individually. Thus, if the curve is above 1 then the heterogeneity can be said to have increased 
the severity of the outbreak, whereas if the curve is below 1, species diversity led to a 
decrease in the severity of the epizooty. Fig. 2 shows an amplification effect for the Common 
Pochards and a dilution effect for the 2 other species. 
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Fig. 1: Attack Rate in function of Ф and E0 (note: not all the graphs are at the same 
scale)  
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Fig. 2: Reduced attack rate (divided by the individual AR) for Фpochard<->mallard = 0 and 
one initially infected pochard 
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CONCLUSIONS 
 
The three bird species under study had different responses to H5N1 infection. This 
heterogeneity in their responses, as well as the different sizes of each population, has been 
proven to induce either a dilution effect or an amplification effect, depending on the initial 
conditions and on the mixing rate between the species. The next step of this analysis would be 
to build a model with a spatial component, which would take into account the layout of the 
Dombes wetlands and the connections between the ponds, integrating the three species' 
interaction and the findings presented above. This will shed further light on the workings of 
the Dombes wetland mosaic, in view of being able to prevent from outbreaks and to better 
assess the risk to which neighbouring farmsteads are exposed. 
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